Our previous in vitro studies suggested that cyclic AMP (cAMP) signaling prevents adriamycin (ADR) and puromycin aminonucleoside (PAN)-induced apoptosis in podocytes. As cAMP is an important second messenger and plays a key role in cell proliferation, differentiation and cytoskeleton formation via protein kinase A (PKA) or exchange protein directly activated by cAMP (Epac) pathways, we sought to determine the role of PKA or Epac signaling in cAMP-mediated protection of podocytes. In the ADR nephrosis model, we found that forskolin, a selective activator of adenylate cyclase, attenuated albuminuria and improved the expression of podocyte marker WT-1. When podocytes were treated with pCPT-cAMP (a selective cAMP/PKA activator), PKA activation was increased in a time-dependent manner and prevented PAN-induced podocyte loss and caspase 3 activation, as well as a reduction in mitochondrial membrane potential. We found that PAN and ADR resulted in a decrease in Mfn1 expression and mitochondrial fission in podocytes. pCPT-cAMP restored Mfn1 expression in puromycin or ADR-treated podocytes and induced Drp1 phosphorylation, as well as mitochondrial fusion. Treating podocytes with arachidonic acid resulted in mitochondrial fission, podocyte loss and cleaved caspase 3 production. Arachidonic acid abolished the protective effects of pCPT-cAMP on PAN-treated podocytes. Mdivi, a mitochondrial division inhibitor, prevented PAN-induced cleaved caspase 3 production in podocytes. We conclude that activation of cAMP alleviated murine podocyte caused by ADR. PKA signaling resulted in mitochondrial fusion in podocytes, which at least partially mediated the effects of cAMP.
Introduction
Most glomerular diseases share the common features of proteinuria and effacement of podocyte foot processes [1] . Recent studies have shown that podocyte injury is involved in the development of podocytopenia and glomerulosclerosis [2] . The first event initiating the process of glomerulosclerosis is podocyte loss [3, 4] . The remnant podocytes fail to cover the naked GBM, resulting in the formation of tufts which adhere to each other or to the Bowman's capsule. Lack of proliferation and increased loss of podocytes contribute to a reduction in podocyte number [5] . Although kidney progenitor cells, glomerular parietal epithelial cells or stem cells may differentiate into podocytes [6] [7] [8] , a large amount of evidence suggests that podocyte loss including detachment or apoptosis leads to reduced podocyte number (podocytopenia) in the disease state [9] [10] [11] . In our previous studies, we found that the TUNEL-positive podocyte number was inversely associated with the WT-1 positive cell number in the adriamycin (ADR) mouse model, indicating that apoptosis contributes, at least partially, to podocyte loss [12] .
There are several signaling pathway involved in the apoptosis of podocytes, such as activation of the renin-angiotensin system, ROS production, and TGF-b signaling [13] [14] [15] [16] . In addition to PI3K/AKT signaling [17, 18] , we found that an increase in intracellular cyclic AMP (cAMP) level also prevented PANinduced apoptosis of cultured podocytes [12] . cAMP is known to activate either protein kinase A (PKA) or cAMP-activated guanine nucleotide exchange factors for Ras-like GTPases (Epac) [19] . Little is known about c-AMP-mediated signaling pathways in podocyte function, although it has been shown that cAMP signaling mediates cell differentiation, actin assembly and matrix production in podocytes.
Recently, Zhu et al showed that mitochondrial dysfunction plays an important role in podocyte damage [20] . Cytochrome c and other pro-apoptosis factors released from the intermembrane space of injured mitochondria triggered the initiation of the mitochondrial pathway of apoptosis [21, 22] . The balance between morphologic changes in mitochondria, so-called fission and fusion, is essential for maintaining mitochondrial function [23] . However, mitochondria dynamics have not been previously investigated in podocytes.
The present study was designed to test whether cAMP signaling alleviates doxorubicin-induced nephrosis in vivo and to determine the role of PKA, Epac and morphologic changes in mitochondria in mediating the protective effects of cAMP against PAN-induced podocyte apoptosis.
Materials and Methods

Reagents
pCPT-cAMP, 8-pCPT-2-O-Me-cAMP, H89, puromycin aminonucleoside, mdivi-1 and arachidonic acid were purchased from Sigma Chemical (St Louis, MO, USA). Forskolin was purchased from Tocris (Bristol, UK). ADR was purchased from Enzo Life Sciences (Lausen, Switzerland).
Animal experiments
All animal procedures were approved by Renji Hospital, Shanghai Jiaotong University School of Medicine. Male BalB/C mice (Shanghai Slac Laboratory Animal, China) aged 8-10 weeks were divided into the control, ADR model, and forskolin-treated ADR model groups. ADR nephropathy was induced by a single intravenous injection of 10 mg/kg ADR. Forskolin was administered by intraperitoneal injection at a dose of 5 mg/kg 1 h before ADR on day 1. Forskolin was then injected every other day. On day 14, urine was collected for 24 h using a metabolic cage (n = 6 per group). On day 15, the mice were killed under chloral hydrate anesthesia and the kidneys were removed for analyses.
Transmission EM
Cortical kidney sections were fixed with 2.5% glutaraldehyde in 4uC phosphate-buffered saline overnight, post-fixed in 1.0% OsO4, and embedded in LR White resin (London Resin, Hampshire, UK). Ultrathin sections (70 nm) were stained with uranyl acetate and examined under an electron microscope (Philips CM120; Eindhoven, The Netherlands) at 75 kV. A pathologist analyzed the width of the sections containing at least 10 capillary loops per mouse, using the iTEM software (Olympus Soft Imaging Solutions GmbH, Munster, Germany) and a blinded method. Coomassie Blue stain for proteinuria Albuminuria was measured using coomassie blue stain according to a previously described protocol [24] .
Urine creatinine detection
Urine creatinine concentration was determined using a creatinine assay kit (Cayman Chemical, Ann Arbor, MI, USA), according to the manufacturer's instructions. The creatinine concentration in urine samples was determined using a creatinine standard curve. The dynamic range of the kit was 0-15 mg/dl of creatinine. The absorbance at 500 nm was determined using a microplate reader.
Podocyte culture
Conditionally immortalized mouse podocytes were a gift from Dr Peter Mundel and have been described previously. The majority of cells used in the present studies had an arborous shape and expressed synaptopodin. Differentiated podocytes were treated with various reagents. All experiments were repeated at least four times for each indicated condition. Podocytes between passages 9 and 20 were used in all experiments.
Immunoblot analyses
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting analyses were carried out according to standard protocols and visualized using an Infrared Imaging System (Odyssey). We used rabbit anti-human caspase-3 antibody (1:1000), rabbit anti-human cleaved caspase-3 antibody (1:1000), rabbit anti-human Drp1 antibody (1:1000), rabbit anti-human p (s637)-Drp1 antibody (1:1000, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-human Mfn1 antibody (1:1000), rabbit anti-rat OPA1 antibody (1:1000, Abcam, Cambridge, UK), and rabbit anti-human Fis1 antibody (1:500, Enzo Life Sciences, Lausen, Switzerland).
Immunofluorescence and Immunohistochemical staining
Cryosections 3-mm thick were prepared using a cryostat, and were fixed in 4% paraformaldehyde for 15 min at room temperature. After blocking, the cryosections were incubated with Immunofluorescence staining of kidney from control mice (6200). C: CCK-8 test was performed using podocytes treated with PAN in the presence or absence of 2Me-cAMP. Data were obtained from five independent studies. D: PKA activity was detected using podocytes treated with pCPT-cAMP for the time indicated. Data were obtained from five independent studies. E: CCK-8 test was performed using podocytes treated with PAN in the presence or absence of pCPT-cAMP. Data were obtained from five independent studies. F: CCK-8 results from podocytes treated with PAN in the presence or absence of pCPT-cAMP and H89. Data were obtained from five independent studies. *: P,0.05 compared with control group, #: P,0.05 compared with PAN group, $: P,0.05 compared with pCPT+PAN group. 2Me: 2Me-cAMP, pCPT: pCPTcAMP. doi:10.1371/journal.pone.0092003.g002 secondary primary antibodies followed by recognition with fluorescein Cy3/TRITC-labeled secondary antibodies (1:400). Fluorescence images were recorded using a Leica TCS SP5II confocal microscope (Leica Microsystems, Buffalo Grave, IL, USA). The following primary antibodies were used: mouse antimouse synaptopodin (1:20) , rabbit anti-human Mfn1 antibody (1:50), and rabbit anti-human p-CREB antibody (1:50, Santa Cruz).
For immunohistochemistry, 3-mm-thick cryosections were prepared using a cryostat and fixed in 4% paraformaldehyde. After blocking, the cryosections were incubated with primary antibodies to WT-1 (1:100, Santa Cruz). Sections were then incubated with horseradish peroxidase-labeled secondary antibodies (DAKO, Carpinteria, CA, USA).
Mitochondrial staining
Mitochondrial morphology was detected using the CellLight Mitochondria-GFP Bacman2.0 according to the manufacturer's instructions. Briefly, we added the reagent directly to the cells which were incubated overnight for protein expression. The next day, the cells were visualized using a Leica TCS SP5II confocal microscope.
Cell viability
Quantitative evaluation of cell viability was performed using a cell count kit-8 (Beyotime), according to the manufacturer's instructions. The absorbance at 450 nm was determined using a microplate reader.
TUNEL staining
Cells that had entered advanced stages of apoptosis were detected by the TUNEL assay, performed with a commercial fluorometric TUNEL system kit (Promega, Madison, WI, USA), according to manufacturer's instructions.
Determination of mitochondrial membrane potential
Mitochondrial membrane potential (gYm) was determined using the dual emission mitochondrial dye 5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazolocarbocyanine iodide (JC-1, Beyotime). At low gYm, the monomeric form of JC-1, shows green fluorescence (emission,529 nm), whereas within the mitochon- Determination of PKA activity PKA activity was assayed using the Promega PepTag assay for nonradioactive detection of cAMP-dependent protein kinase (Promega, Madison, WI, USA). All PepTag assay reaction components were combined on ice, and PKA activity was assayed at 30uC for 20 min. The reaction was stopped by incubating the tubes at 95uC for 10 min. Samples were loaded onto 0.8% agarose gel. Electrophoresis was run at 110 V for 30 min and was imaged under UV light by Smartview 2.0 software.
Statistical analyses
All results are expressed as mean 6 s.d. Statistical analyses were performed using SPSS 11. Analysis of variance with Duncan's test and Dunnett's test were used to assess differences between multiple groups. P,0.05 was considered statistically significant.
Results
Forskolin alleviated ADR-induced proteinuria and podocyte injury
ADR significantly increased urinary albumin excretion, which was decreased in forskolin-pretreated mice ( Figure 1A) . Compared with the control group, the foot processes of podocytes in ADRtreated mice were effaced, retracted and widened. These ultrastructural changes and albuminuria were attenuated in the forskolin-treated group ( Figure 1A and 1B) . We calculated the average number of podocytes per glomerulus based on WT-1 staining. WT-1 positive cell numbers per glomerulus were 4.4762.91, 1.5861.63 and 2.3762.24 (P,0.01) for the control, ADR and forskolin groups, respectively ( Figure 1C and 1D) , suggesting that forskolin partially prevented doxorubicin-induced podocyte loss. It is known that activation of PKA causes CREB phosphorylation. We found that phospho-CREB staining was increased in the forskolin-treated mice.
cAMP protected against PAN-induced podocyte loss via PKA signaling
As shown in Figure 2A and 2B, Epac was expressed in both differentiated and undifferentiated podocytes. However, 2Me- cAMP (cAMP/Epac mimic) failed to prevent PAN-induced cell loss ( Figure 2C ). As shown in Figure 2D and 2E, pCPT-cAMP activated PKA in a time-dependent manner and prevented against PAN-induced podocyte loss. pCPT-cAMP did not prevent podocyte loss when podocytes were pretreated with H89 (PKA inhibitor) ( Figure 2F ). PAN treatment resulted in an increase in cleaved caspase 3, which was blocked by pCPT-cAMP pretreatment ( Figure 3A to 3D) . Similar results were observed by TUNEL staining ( Figure 3E ). We used JC-1 staining to show that pretreatment with pCPT-cAMP, but not 2Me-cAMP, prevented the decrease in mitochondrial membrane potential in PAN-treated podocytes (12.6762.15%, 31.3564.60%, 16.9662.51% and 29.8564.87% of podocytes exhibited green fluorescence in the control, PAN, PAN+pCPT-cAMP and PAN+2Me-cAMP groups, respectively) ( Figure 3F ). pCPT-cAMP failed to prevent the decrease in mitochondrial membrane potential in podocytes pretreated with H89 ( Figure 3G ).
pCPT-cAMP pretreatment prevented mitochondrial division in PAN-treated podocytes
Mitochondria dynamics is regulated by Drp1, Fis1 (both trigger mitochondria fission), mitofusion and opa1 (both control mitochondria fusion). We estimated these protein expressions. As shown in Figure 4A , PAN or ADR treatment resulted in mitochondrial division. The mitochondria appeared longer in pCPT-cAMP pretreated podocytes. We found that mitofusin (Mfn) 1 protein was inhibited by PAN or ADR in a timedependent manner. There was no change in the phosphorylation of Drp1 or expression of OPA1 and Fis1 ( Figure 4B, 4C and 4D ). As shown in Figure 5J , we also found that Mfn1 expression was decreased in ADR-treated mice, but not in foskolin+ADR-treated mice. Phosphorylated Drp1 was increased in foskolin+ADR-treated mice, however, no change was observed in ADR-treated mice.
pCPT-cAMP induced rapid phosphorylation of Drp1 in both control podocytes ( Figure 5C and 5D ) and PAN or ADR-treated podocytes ( Figure 5I ). pCPT-cAMP treatment also up-regulated Mfn1 expression in a time-dependent manner ( Figure 5A and 5B) and restored Mfn1 expression in PAN or ADR-treated podocytes ( Figure 5F , 5G and 5H).
Induction of mitochondrial fission results in podocyte injury
We used arachidonic acid (ARA) or Mdivi-1 to induce mitochondrial fission or fusion in podocytes ( Figure 6A ) and found that treatment of podocytes with ARA resulted in cell loss ( Figure 6B ) and increased cleavage of caspase 3 ( Figure 6C ). As shown in Figure 6D and 6E, the protective effects of pCPT/cAMP were lost when cells were pretreated with ARA. PAN-induced expression of cleaved caspase 3 was partially inhibited in podocytes pretreated with Mdivi-1 ( Figure 6F ).
Discussion
Podocytes are terminally differentiated cells and play an important role in maintaining glomerular permeability [2] .
Podocyte injury or loss has been found in various glomerular diseases [1] [2] [3] . It is well known that vasoactive hormones, such as angiotensin II regulate cell function via ligand-receptor binding [25] . Podocytes express a variety of G-protein-coupled receptors, including metabotropic glutamate receptor 1, adrenergic b2 and Dopamine D1, which mediate an increase in cAMP upon stimulation [12, 26, 27] . Several lines of evidence indicate that the cAMP pathway affects podocyte biology. cAMP mediates the antiproliferative and pro-differentiation effects of retinoic acid [28] and an increase in intracellular cAMP resulted in protection from puromycin-induced podocyte loss [12] . Gao et al. showed that cAMP promotes the assembly of cell-cell contacts between podocytes [29] . In recent studies, Keravis et al [30] demonstrated that phosphodiesterase type 4 (PDE4) inhibitors, which are known to increase cAMP level by preventing degradation, ameliorate the progression of lupus nephritis in mouse models. These data suggest that cAMP signaling has an overall glomerulo-protective effect [31] . In the present study, we showed that the direct activation of adenylate cyclase with forskolin can partially attenuate doxorubicin-induced albuminuria and podocyte loss. We expect that a more pronounced effect would be observed if we combined forskolin with a PDE4 inhibitor, which would induce a higher and more sustained level of cAMP in podocytes as this was previously shown with retinoic acid and a PDE4 inhibitor [32] .
We demonstrated that podocyte express both PKA and Epac, the downstream molecule of cAMP. Previous studies have suggested that activation of the PKA pathway protects podocytes from injury. All-trans retinoic acid restores differentiation markers in HIV-infected podocytes via activation of the cAMP/PKA signaling pathway and the expression of nephrin in podocytes is regulated by cAMP/PKA [27, 33] . Oba S et al. found that activation of PKA prevents PAN-induced ROS generation in podocytes [34] . However, there are no published studies on the role of Epac in podocyte biology and pathology, although increasing evidence suggests that Epac plays an important role in other cell types [35] . Li Y et al. showed that Epac is mainly expressed in tubular epithelial cells and weakly expressed in podocytes of human glomeruli, but it is absent in rat glomeruli [36] . Activation of Epac signaling protects proximal tubular epithelial cells from cisplatin-induced apoptosis and ischemiainduced kidney failure [37, 38] . Our data showed that Epac is expressed in mouse glomeruli and tubuli, but we were unable to identify the role of Epac in PAN-induced podocyte loss using a cAMP/Epac agonist. A small GTPase, Rap, is the downstream molecule of Epac [35] , and we suspect that Epac signaling may be involved in regulation of the cytoskeleton instead of cell cycle/ apoptosis in podocytes.
In the present research, we focused on the role of PKA and Epac. However, other signaling molecules may crosstalk with the cAMP pathway. Faour WH et al. found that neither PKA nor Epac mediated forskolin/IBMX-induced p38 activation and COX-2 expression in podocytes [39] . cAMP treatment also induced activation of TRPC6 independent of PKA or Epac in HEK293 cells [40] .
We focused on mitochondrial dysfunction as mitochondria have a central role in the initiation of apoptosis. The release of cytochrome c from damaged mitochondria may activate caspase 9 and downstream caspases. We found that more cells developed mitochondrial fission in PAN-treated podocytes than in control cells. Usually, mitochondrial fission indicates that cells need more ATP or need to remove more damaged mitochondria. We did not find Drp1 upregulation in PAN-treated podocytes, although mitochondria fission is triggered by Drp1. It is interesting that mitofusin-1, which controls mitochondrial fusion was downregulated after PAN treatment, suggesting that PAN-induced mitochondrial fission was a passive process in podocytes.
Mitochondrial fusion allows healthy mitochondria to provide intact mitochondrial components, including DNA and proteins, to damaged mitochondria to maintain normal mitochondrial function, thus preventing mitochondrial outer membrane rupture and the release of apoptogenic factors [41] .
It is well known that cAMP-dependent protein kinase (PKA) phosphorylates Ser637 of Drp1, and then phosphorylated Drp1 is released from mitochondria to the cytosol, leading to mitochondria fusion and suppression of cell apoptosis [41] . In the present study, forskolin or pCPT-cAMP induced Ser637 phosphorylation of Drp1 expression in both in vivo and in vitro studies. In addition to Drp1 phosphorylation, mitofusin-1 expression was also upregulated by forskolin or pCPT-cAMP treatment. As mitofusin is the target gene of peroxisome proliferator activated receptor c coactivator-1a (PGC-1a) [42, 43] and PGC-1a expression is regulated by PKA, we think that PKA/PGC-1a signaling mediated forskolin-induced mitofusin-1 up-regulation. In fact, Cowell et al. found that mitofusin-1 gene expression was upregulated 2.2-fold and 2.3-fold in forskolin-treated and PGC-1a overexpressed Schwann cells, respectively [42] . These data suggest that cAMP/PKA signaling not only promotes mitochondrial fusion by increasing the phosphorylation of Drp1, but also prevents PAN-induced mitochondrial fission by recovering mitofusin expression.
Conclusion
We conclude that PKA, but not Epac, signaling mediates the protective effects of cAMP in podocytes, which at least partially via induction of mitochondrial fusion. These results provide insight into the mechanism of cAMP in podocytes and help us to identify potential new targets for the treatment of glomerular disease.
